The interaction of several anti-tumor metal complexes with dGMP have been investigated using trans- [ . The binding constant for Cp 2 TiCl 2 to phosphate is even greater than that of Sn(IV). Cis-platin has high affinity for both N 7 and phosphate, but mainly for N 7 . Binding of the probe to N 7 of dGMP reduces the binding affinity for phosphate of the same dGMP molecule by a factor of 5 to 6. Much the same factor is expected to apply to other metals containing agents interacting with dGMP. 
tumor activity [2] , metallic complexes have attracted much attention as possible anti-cancer drugs, such as some diorganotin(IV) compounds [3] , metallocene complexes [4] and ruthenium(II) complexes [5] . The target molecule for most metal-containing anti tumor complexes appears to be DNA. In particular for cisplatin, it is widely accepted that its critical interaction with DNA, inhibiting DNA replication and eventually leading to cell death, occurs via bifunctional binding to N 7 atoms of d(GpG) sequences [6] . Also the diorganotin(IV) compounds,Cp 2 TiCl 2 and the dimethylsulfoxide ruthenium(II) complexes [5] which have been
shown to possess anti tumor activity, interact both in vitro and in vivo with DNA [7 -13] . Similarly, DNA seems to be their most likely cellular target. Therefore, investigating the interactions between these anti-tumor metal complexes and mononucleotides, especially dGMP, the basic constituent unit of DNA, is important for elucidating the binding mode between the complexes and DNA.
In the work reported here, we applied the dihydrogen probe in a competitive mode to investigate how a number of anti-tumor metal agents bind to mononucleotides in aqueous solution near physiological conditions. Many of the agents are introduced as chlorides, but the chloride is susceptible to replacement by OH -and H 2 O. It will be seen that the probe is useful also in defining the state of the agent at the time the 1 H NMR measurements are made. The anti tumor metal complex will often be referred to as the "agent". dGMP represents the disodium salt.
Glossary: The moiety trans-[en

Experimental
Materials
The probe in the form trans-[en 2 Os(η 2 -H 2 )-CF 3 SO 3 ]CF 3 SO 3 was prepared as described in the literature [14] . The compounds Et 2 SnCl 2 and Cp 2 TiCl 2 were prepared according to the literature methods [15, 16] .
The mononucleotide, 2-deoxyguanosine-5-monophosphate(dGMP) was purchased from Sigma Co.
(CH 3 ) 2 SnCl 2 was purchased from Strem Chemicals. NaCF 3 SO 3 (NaOTf), AgCF 3 SO 3 and Bu 2 SnCl 2 were purchased from Aldrich Chemical Company. Cisplatin was purchased from Shandong Qilu Pharmacy Company. The other agents are of A.R. grade.
Methods
Proton NMR data were recorded on a Bruker DRX-300 MHz NMR spectrometer in D 2 O. Proton chemical shifts are referenced to DSS as internal standard. pH measurements were carried out with a Beckman φ50 pH meter. All reported pD values in D 2 O are corrected pH readings (pD = pH + 0.44).
Reaction solutions in D 2 O were prepared containing the probe, the agent and the mononucleotide titrated with standardized NaOD to bring pD to the reported values. These operations and the filling of the NMR sample tube were carried out in a glove box under N 2 . Reaction time is counted from the time the probe is added to the solution. In the case of cisplatin, we scavenge Cl − by addition of AgCF 3 SO 3 in advance.
Treatment of data
Integrals were performed on all the NMR signals in the negative range of δ values. It is possible to reach quantitative conclusions by making use of the condition that the sum of the areas represents a total concentration of the probe in the species which carry η 2 -H 2 , and from the area of each component, its con-centration can be calculated.
In this approach, the possibility of exchange between η 2 [17] . It can reasonably be assumed that [en 2 Os II (η 2 -H 2 )(N 7 )] will behave similarly, and independent evidence that H/D exchange is not a complication in the present studies will be adduced in describing the results. Earlier experience [17] shows that exchange in neutral or alkaline solution is very slow when the variable co-ligand is H 2 O, OH − , a halide or phosphate ion. Exchange in such media is accelerated when the variable ligand is a strong π electron acceptor; apparently neither N-bound imidazole nor N-7 bound dGMP acts as a strong π acid.
Six different NMR signals for η 2 -H 2 have been encountered in the present study. Those for the probe bound to N 7 of dGMP (Pr(N 7 )), and the product of its isomerization to the cis-form (cis-Pr(N 7 )); probe bound to Cl − (Pr(Cl)); probe bound to phosphate of dGMP (Pr(phos)); probe bound to D 2 O (Pr(D 2 O)) have been observed before [1] . Not previously reported is the signal for the probe bound to phosphate of Pr(N7) (Pr(N7) Pr′ ), which is singlet or doublet, very slightly positive of that for Pr(phos) and is assigned on the basis of the variation in area with time. The tables describe the experimental conditions for each set of experiments, and show the concentrations of the various species containing (η 2 -H 2 ) as determined from the integrals of the signals at recorded time intervals after the probe is added to the reaction solutions. Of consequence are the formation constants for the reactions:
Pr(
In the tables for each experiment, the values of the functions f are recorded at the given time intervals. [dGMP] will be the concentration of free dGMP but when agent is present, it will include also dGMP attached to agent either at phosphate or at N 7 . Equilibria in reactions (2), (3) and (4) are established rapidly [l] and are complete at the time of the first measurement, thus the values of f are the values of the equilibrium constants for the corresponding reactions. The values of f for these reactions should be constant as time progresses, but Pr(D 2 O), Pr(phos), Pr(N 7 )Pr ′ all can transform to Pr(N 7 ), so that the concentrations of some species involved in the labile equilibria (2) , (3) and (4) become very small, and the values of f for these reactions become less and less accurate as dGMP is bound up in Pr(N 7 ).
When agent is present, to some extent it binds to N 7 , to phosphate or to Cl -, so the values of f for the 4 reactions will decrease. Detailed studies would lead to accurate values of the binding of the agents to the various sites, but in this exploratory effort, only qualitative conclusions on these affinities are reached. In considering the data of the experiments which follow, it must be kept in mind that the prevailing ionic strength even at 20 min, the time of the first measurement, is not that calculated from the initial concentration of the reagents. Thus, if there were no interactions immediately on mixing, the ionic strength in the experiments on which the data of Table 1 2 and dGMP contribute to ionic strength. It reduced to 0.022 mol/L. During the reaction progresses, the change of ionic strength will mislead the results, so we cannot know the real rule. In order to keep the constant ionic strength, we add NaCF 3 SO 3 into the system and make its final concentration to be 0.1 mol/L (more than ten times greater than the concentration of the other reagents), so it can be thought that the ionic strength is always 0.1 mol/L, the other species' devotion to the ionic strength is too small to be considered.
Results
Interaction
In (Pr(phos)) and we assign it to Pr(N 7 )Pr′ . The accumulated data are fully in accord with the assignment we have made, the constant governing the binding of Pr to phosphate of free dGMP being a factor of 5 to 6 larger than it is to phosphate of Pr(N 7 ) ( Table 1) .
Because the equilibrium for the formation of Pr(phos) is established rapidly, the value of f Pr(phos) after 20 min, 1.16×10
2 (average value of many results) (Table 1) , can be taken as the equilibrium constant for reaction 2. As expected and as indicated above, binding of the probe to phosphate of free dGMP is stronger than it binds to that of Pr(N 7 ) (compare f Pr(phos) and f Pr(N7)Pr ′ at 20 min), a factor somewhat above 5.89 applying in this case. Table 1 The concentrations and f values in the system of dGMP with the probe at different time. The function f Pr(N7) is very much lower at 20 min than it is at 4 h, reflecting a slow approach to equilibrium. Because the reaction forming Pr(N 7 ) is 49% complete after 20 min, after 48 h the reaction will be substantially complete and 5.1×10
4 is close to the equilibrium constant (2.6×10 5 ) for the reaction. Unfortunately, the data at longer times are useless for refining value of the equilibrium constant, because some of the species involved in the equilibrium are then at very low concentration. This applies in the important case of concentration of free dGMP, which is not measured directly but calculated as a small difference between two large numbers. The problem is exacerbated because Pr(D 2 O) and dGMP, which react in a l∶1 ratio, are added at equal concentration, and after reaction has proceeded to 90% completion. An inadvertent small excess of one reactant can affect the very small residual concentration of the other by a large factor. This may be the cause of the unrealistically high values of the equilibrium constant for the formation of Pr(phos) calculated after the 20 min interval.
In Table 2 are summarized the data obtained with the agent (CH 3 ) 2 SnCl 2 added to the reaction mixture to a concentration equal to that of the other two reagents (l.00×10 2 mol/L). The 1 H NMR data for the signals at negative value of δ are shown in Fig. 2 . The only qualitative new feature which is introduced when agent is present is that, in addition to the signals shown in Table 1 , a signal for Pr(Cl) appears, at δ 0.04-0.07 more negative than that for Pr(D 2 O).
To interpret the data, the issue of whether Cl − remains bound to the agent when it is dissolved in D 2 O must be dealt with. As regards (CH 3 ) 2 SnCl 2 , the data show unequivocally that Cl − has been replaced by water by the time the first NMR measurements are made, which is many hours after the agent was introduced into D 2 O. The value of f Pr(Cl) , within experimental area, does not change with time and moreover corresponds to the equilibrium constant for the reaction. On taking account of the rapid association which takes place on mixing (which reduces the ionic strength) we conclude that all of the chloride introduced by the agent is free to associate with Pr.
In taking account of published work [19] on (CH 3 ) 2 SnCl 2 in aqueous solution, it is reasonable to suppose that under the conditions of our experiments, A comparison of the data at 20 min in Table 1 with those in Table 2 shows that when the agent is added to the reaction solution with concentration equal to that of the probe, the concentrations of Pr(phos) and Pr(N 7 )Pr′ are reduced by a factor of more than 10, showing that the affinity of the agent for phosphate is very high. An attempt to evaluate a lower limit for the equilibrium constant governing the formation of the complex follows. In the solution containing also agent A, the equilibrium:
is established. The constant governing it is given by K A(phos) /K Pr(phos) , where K A(phos) is the equilibrium constant for the formation of A(phos), and K Pr(phos) is that for the formation of Pr(phos The maximum value of f Pr(N7) reached in the experiment, l.3×10 4 , when compared to 5.1×10 4 absent the agent, would suggest that the agent binds rather strongly also to N 7 of dGMP. But it must be kept in mind, that with dGMP and agent at equal concentration, because of the very high affinity of the agent for phosphate, almost all of the dGMP is phosphate-bound to the agent. This being so, when the probe binds through N 7 to dGMP, the product is binuclear, with agent on phosphate and Pr on N. This alone reduces the affinity of Pr for N 7 , and accounts at least in large part for the reduction in f Pr(N7) caused by the agent. The effect which the agent exerts when it is attached to phosphate on reducing the affinity of Pr to N 7 can be estimated by taking account of the reduction in the affinity of Pr for phosphate when Pr is already attached to N 7 , which is by a factor of 5 to 6. The same factor must apply to the reduction in affinity of Pr for N 7 when Pr is attached to phosphate. If it is assumed that the same factor is applicable also to Pr binding to N 7 when agent is attached to phosphate, the effect under discussion is accounted for rather completely. The reduction of f Pr(N7) is from 5.1×10 4 to l.3×10 4 , at the maximum value observed in Table 2 , showing the Me 2 Sn(IV) binds, at most, weakly to N(7).
In the experiment (Table 3 ) the total number of sites provided by the agent has been reduced by a factor of 2 so that now all the sites on the agent can be preempted by phosphate of dGMP. The results obtained with Et 2 Sn(phen)Cl 2 as the agent are erratic, and only some general conclusions about its behavior in aqueous solutions, and its interactions with dGMP can be reached from the work we have done. In Table 5 complete, by the time the first measurement is made (the increase in the value of this function from 18 at 20 min to 30 after 4 h cannot be attributed to the additional time because the agent had been in contact with the solvent for many hours before the first measurement was made and is assigned to error). This conclusion is supported by the observation that f Pr(Cl) for the sample stored for 3 months is not markedly higher than it is for that measured earlier ( Table 6 ). 2 , the former will be mainly in the deprotonated form, Et 2 Sn(phen)(OD) 2 . Replacement of OD -will require the assistance of protons, so that the binding of an entering group will depend on pD of the solution. Left unexplained is the increase in complexing power of the latter when the solution is left for three months.
The data we have obtained for the agent Cp 2 TiCl 2 are shown in Tables 7 and 8 . When the concentration of Cp 2 TiCl 2 is half of those of probe and dGMP in the reaction mixture, there is only weak Pr(phos) signal, showing that the affinity of the agent for phosphate is very high--even greater than that of Me 2 SnCl 2 --and that it fully displaces the probe from its complex with the phosphate. This, taken together with the fact that f Pr(Cl) at 20 min, 4 h and 24 h are within the same experimental error, shows that Cl − is fully released during the time taken to prepare the solution, an expected outcome on taking account of the published work [20, 21] on the chemistry of Cp 2 TiCl 2 in aqueous solution. phosphate, which also bears negative charge, is not surprising, it is rather surprising that the product, which now has one of the two available sites occupied by phosphate, has a measurable affinity for N 7 , the neutral site on dGMP. The study by Toney and Marks [20] shows that at neutral pD, the agent will be present mainly as Cp 2 Ti(OD) 2 . Presumably the replacement of OD − will be assisted by proton, the affinity for N 7 being dependent on pD.
In Table 7 , the formation of Pr(N 7 ) passes through a maximum, but declines at 48 h compared to 24 h. The earlier study [19] showed that at 37℃, the rate of hydrolysis of the Cp ring is measurable. This rate is expected to be much lower at 10℃, the temperature of our measurements, and it is unlikely that this is the cause of the rather sharp decrease in Pr(N 7 ) over a 24 h interval, a supposition which is supported by the observation that when the concentration of the agent is reduced by a factor of 2 (Table 8) , no decline in Pr(N 7 ) over the same interval is registered. Polynuclear formation may be a factor complicating the chemistry of Cp 2 Ti(OD) 2 at neutral pD. Although the limiting value of f Pr(N7) at the reduced concentration level of the agent is now not far removed from that expected without invoking N 7 binding to agent, this does not prove that the affinity for N (7) is very small. The phosphate can now fully occupy both sites on Ti(IV), excluding N 7 of dGMP. The fact that the value of [dGMP] is the same at 24 h as at 48 h bolsters our claim that exchange of η 2 -H 2 with D 2 O is not a significant factor in our experiments.
Some of the conclusions reached on the basis of the studies making use of the probe are confirmed by 1 H, 13 C, and 31 P NMR data, without the probe. The 1 H
NMR spectrum of dGMP itself shows a singlet at 7.93 ppm and a doublet at 6.08 ppm, corresponding to protons at H (8) Free dGMP shows a singlet at 3.81 ppm in the 31 P NMR spectrum, which is shifted to −1.09 when Et 2 SnCl 2 is present. That a shift (rather than separated signals) observed shows that equilibration in the reaction of agent with phosphate is rapid, as indicated also by the observations made by using the probe.
Study on the anti-tumor agent cis-platin and dGMP using probe
Cis-platin is an anti-tumor drug in clinical. In this section we illustrated the interaction mode of cisplatin with dGMP. When dGMP, cis-platin and the probe were mixed at the same time at the molar ratio 0.005︰0.01︰0.01 and 0.005︰0.005︰0.005 at 10℃, respectively, both of the peaks due to the phosphate binding and N 7 binding diminished obviously in their intensity after 20 min compared with those of the dGMP-probe binary system (Tables 9-12, Fig. 3 ). This indicates that the competition between cis-platin and the probe lies in both N 7 and phosphate site of dGMP, which implies that cis-platin has high affinity to N 7 and phosphate site of dGMP, and mainly for N 7 .
It is very interesting if we relate the binding modes with their anticancer activities: cis-platin and Cp 2 TiCl 2 , the former is a good anti-tumor medicine, and the latter is currently in phase II clinical trials [19] . The above two agents can coordinate with dGMP via both the phosphate oxygen and N 7 of dGMP, are highly active anticancer agents with a wide antitumor spectrum, while (CH 3 ) 2 SnCl 2 , which can bind to dGMP via the phosphate oxygen only, has little anticancer activity.
As we have pointed out in ref. [22] , according to TPCP, the interaction between a good antitumor drug and its target molecule is always executed by forming an active intermediate which binds with oxygen sites (electrovalently) on phosphate groups and base nitro- gen sites (covalently) of dGMP through charge-controlling and orbital-controlling. Since cis-platin and Cp 2 TiCl 2 can bind to dGMP by both electrovalent and covalent action modes, they have a high anti-tumor activity, whereas (CH 3 ) 2 SnCl 2 can bind to dGMP through electrovalent action modes only, and only has low antitumor activity.
Discussion
Of the agents we have studied, the data are the most complete for (CH 3 It is reassuming to note that the values of f Pr(N7) at 24 h, in cases where the binding of the agent to N 7 appears to be weak, or is expected to be weak (strong binding to phosphate with the agent at one half the concentration of phosphate) agree rather well: Table 2 The binding constant for phosphate to the aquated form of Et 2 SnCl 2 is expected to be about as great as it is for that of (CH 3 ) 2 SnCl 2 . Our experiments with the ethyl derivative were done (Table 4) with an aged solution, where the results at 20 min and 4 h suggest that aging had led to polymerization, thus decreasing the affinity for phosphate. The fact that no signal whatever for Pr(phos) is recorded when Cp 2 TiCl 2 and dGMP are at the same concentration shows that the affinity of this agent for phosphate is even greater than that of (CH 3 ) 2 SnCl 2 . The high affinity applies also to the second stage of binding but binding at the second site is apparently a slow process. This inference is based on the values of f Pr(phos) . The high affinity of phosphate for Cp 2 Ti(IV) is all the more remarkable because it requires replacement of OH -from the agent in neutral solution.
For the agents we have studied, release of Cl − to the solvent is complete after 12 h and in no case, at the prevailing concentrations, is there evidence for residual equilibrium binding. These conclusions are based on the observation that the values of f Pr(Cl) are close to that of the equilibrium constants at the same ionic strength.
We believe that our study, despite the limitations on sensitivity imposed by low solubility, have demonstrated the usefulness of the probe applied in a competitive mode. Because equilibrium in the bonding of the probe to phosphate is established rapidly, it is particularly convenient in determining the bonding of various agents to this function. In contrast to what might be learned from 1 H NMR on the agent or on the nucleotide, where other effects can cause shifts, the probe gives a direct measure of the concentration of free phosphate, as it does of free chloride ion. Usually 31 P NMR is used to investigate binding of metal ions to phosphate of mononucleotides [23] . When such binding leads to a large shift, this method is effective. However, in some cases, metal ions cause shifts which are less than l ppm [24] which can be caused by conformation changes. The paramagnetic agent Cp 2 VCl 2 causes broadening [25] of the 31 P NMR signal and provides no ready means of determining an equilibrium constant for the binding. In such case, the use of the probe can provide such information.
A factor that has been glossed over in the present study is the effect of ionic strength on the equilibrium constant for the binding of the probe to phosphate. Because of the higher charge on phosphate the sensitivity to ionic strength will be even greater than it is for chloride. Having disregarded it does not materially affect the semiquantitative conclusions reached because the effects of the agents on the availability of the phosphate are so great.
The experiments also show that the probe has a role to play in characterizing the agents in aqueous solution. If the agents are chloride salts, the probe provides the most convenient way to determine the concentration of Cl − .
